I. INTRODUCTION
Atmospheric pressure, nonequilibrium low-temperature plasmas (LTPs) have gained much attention due to many current or potential applications. [1] [2] [3] Compared to the traditional low pressure counterparts, atmospheric pressure LTPs do not require expensive vacuum systems and can operate in open air. 4 Like their low pressure counterparts, atmospheric pressure LTPs have high electron temperature, while the gas is moderately above room temperature, allowing processing of thermally sensitive materials, including biological specimens. Different discharge configurations have been developed to combat issues such as arcing 1, 5 and to tailor the system to a particular application. 1 An important variant of atmospheric pressure LTPs is the atmospheric pressure plasma jet (APPJ). In this configuration, helium (or another inert gas, e.g., argon) flows through a small-diameter dielectric tube and a discharge is ignited inside the tube that can extend several centimeters from the tube exit (nozzle). A commonly found characteristic of APPJ is that the jet, despite appearing continuous to the naked eye, is in fact comprised of individual packets, or "plasma bullets," generated by an ionization wave moving at high speed (10s-100s km/s), similar to streamers created by corona discharges. 6 Unlike corona discharges, however, which create streamers in unpredictable and nonrepeatable fashion, plasma bullets can be both predictable and repeatable. 6 Various theories and models have been proposed in an attempt to explain the creation and propagation of plasma bullets. 6 A model was developed 7 based on the theory of streamers, or ionization waves, 8 observed in corona discharges in point-plane or wire-plane gaps. 6 In this cathode-directed streamer model, the luminous front is a ball of positive ions. Photons emitted by excited states ionize the gas in front of the streamer head. The strong local electric field pulls electrons toward the streamer head, causing an avalanche, while leaving behind positive ions. These positive ions become the new luminous front, while the electrons neutralize the previous ball of ions, resulting in a relatively dark channel behind the streamer head. The plasma bullet is theorized to propagate in a similar manner. Another type of streamer is the negative, or anode-directed streamer, in which electrons move in the same direction as the streamer. Negative streamers are usually shorter, move slower, and emit less light compared to positive streamers. Also, the tip of negative streamers is pointed, as opposed to the oval shape of positive streamers. 6 For laminar gas flow conditions, the luminous jet of APPJs typically extends several centimeters beyond the nozzle. Placing an insulating substrate near the nozzle allows precise exposure of small regions of the surface to plasma bullets that then propagate radially along the surface before extinguishing. 9 In pure carrier gas (usually He) APPJs, a) Electronic mail: vmdonnelly@uh.edu b) Electronic mail: economou@uh.edu species generated by inward-diffusing ambient air react to form a variety of radicals and metastables in the plasma 6, 10 including various reactive oxygen-nitrogen species 11, 12 that have been shown to be important in many biological processes. Several aspects of the complex chemistry and physics of APPJs have been studied through experiments and modeling. 5, 6 The substrate surface is exposed to a plethora of radicals as well as metastables, low-to-moderate energy positive ions, high-energy photons, and electrons. These can react with the surface and generate volatile products that can then enter the plasma. Although significant progress has been made, the identities, fluxes, and energies of many important species in APPJs are still largely unknown.
In this study, time-and space-resolved optical emission spectroscopy (OES) was used to study a He APPJ emerging from a quartz tube in open air at 1 atm, and impinging on a dielectric substrate. Particular emphasis was placed on the region near the substrate surface. Near-surface emission was detected through two transparent substrates (MgF 2 and quartz) to cover the wavelength range from 115 to 950 nm. The spatial and temporal behavior of various emissions was used to study important species excitation mechanisms, as well as plasma jet evolution in the presence of a floating dielectric substrate.
II. EXPERIMENTAL APPARATUS AND PROCEDURES
In the APPJ used in this study, helium feed gas (99.999% purity) flowed through a quartz tube (5.5 mm inner diameter and 9.5 mm outer diameter) at 4 standard liters per minute. Two ring electrodes, each 13 mm long (measured along the tube axis), were wrapped around the tube 10 and 45 mm away from the tube end (nozzle). The upstream electrode was grounded, while the downstream electrode was powered by a 200 kHz, 7 kV p-p peak-to-peak sinusoidal voltage waveform. The voltage supplied by a function generator (BNC model 645) was fed to a radio frequency (RF) power amplifier (ENI model 2100L). The output of the amplifier was connected to an inductor and then to the downstream ring electrode. The voltage was measured by an oscilloscope (Tektronix TDS 2024B) through a 1000:1 voltage attenuator.
OES was performed in the ultraviolet/visible/near-infrared range of wavelengths (190-950 nm), with the jet impinging on the flat face of a half-cylinder quartz prism with semicircular cross section (Fig. 1) . The nozzle was 20 mm away from the substrate surface. Light gathered from the curved side of the prism was focused onto the input of an optical fiber. Emission was detected as a function of angle h 2 , as shown in Fig. 1 . Time-averaged OES was carried out with four spectrometers (Ocean Optics, model HR4000), each with a predefined range of wavelengths. For time-resolved OES, an intensified chargecoupled device (ICCD, Princeton Instruments, model PI-Max I) was attached to a TRIAX 550 spectrometer. The ICCD was also used for time-resolved imaging of the overall (spectrally unresolved) plasma emission.
Light from the plasma impinging on the flat face of the prism at angle h 1 with respect to the surface normal is passing through the prism at angle h 2 , according to Snell's law, n 1 sin h 1 ð Þ ¼ n 2 sin h 2 ð Þ, where n 1 ¼ 1 and n 2 are the indices of refraction of the plasma gas (essentially empty space) and the prism material (quartz), respectively. For an average radius of the plasma jet cylinder (just before it spreads out on the surface), r p ¼ 0.75 mm, and small collection angle, the distance (d) away from the surface over which light is collected is given by d ¼ r p /tan h 1 (Fig. 2) , as h 1 ! 90 , d ! 0, and h 2 ! h c , the so-called critical angle. The index of refraction of quartz ðn 2 Þ is a (weak) function of wavelength over the range of interest. 13, 14 Using h 2 ¼ 40 , at 309 nm (OH peak), the corresponding n 2 ¼ 1:49 and d ¼ 0:225 mm. On the other hand, at 844 nm (O-atom peak), the corresponding n 2 ¼ 1:45, and d ¼ 0:291 mm. Figure 3 shows geometrical details of the optical setup. The prism diameter was 50 mm. The aperture diameter was 6 mm, placed 49 mm away from the curved side of the prism. A 5 mm lens was attached in front of the optical fiber, placed 51 mm away from the aperture. In addition, based on the geometry of the system, the light collection angle, for observation along the axis, was $1 and $3 for light at the nozzle and at the substrate, respectively. Additionally, emission spectra were obtained by detecting light passing through the quartz discharge tube walls, perpendicular to the tube axis and between the electrodes. In this configuration, emission from impurities in the He feed gas were unambiguously identified.
III. RESULTS

A. Plasma images
The plasma jet had a diameter of about 1.5 mm and extended (in the absence of a substrate) $25 mm from the nozzle in ambient air. Upon striking the dielectric surface, 20 mm from the nozzle, the plasma spread out radially. Time-resolved images of the jet taken with an ICCD are shown in Fig. 5 .
The jet first appears shortly before the voltage reaches its maximum positive value. Then, the jet achieves maximum brightness (shown in Fig. 5 , upper panel) and continues to persist well after the maximum positive voltage has passed. When the voltage is negative, a discharge can be seen in the tube, downstream from the powered electrode (Fig. 5, lower  panel) . This discharge becomes brightest as the voltage reaches near a maximum negative value. Unlike other studies, [15] [16] [17] [18] a clearly defined plasma bullet propagating from the tube to the substrate was not observed. Instead, when the jet appeared, it had already reached the substrate. This behavior will be explained later by looking at the time resolved emission of nitrogen.
B. Time-averaged spectra
Time-averaged emission was recorded along the axis, collected over the distance from the back of the discharge tube to the surface of the quartz prism or MgF 2 window. A typical set of spectra is shown in Fig. 6 . It is comprised of spectra from five spectrometers that were stitched together and normalized to the same intensity over the overlapping wavelength ranges. Aside from the strongest He (706.5 nm) peak,
P) were identified. The NO emission was very weak, requiring longer integration time with the Ocean Optics UV spectrometer to achieve an acceptable signal-to-noise ratio. Timeaveraged spectra (not shown) were also recorded by collecting light through the quartz discharge tube wall (i.e., perpendicular to the axis). These spectra contained emission from He, and much weaker emissions from OH, O, H, N 2 , and N 2 þ , probably due to trace impurities in the helium feed. These emissions are not likely to come from ambient air species diffusing inside the tube against the helium flow. Due to the high Peclet number (Pe ¼ uL/D $ 1800, where u is the gas convective flow velocity, L is characteristic length scale, and D is diffusivity of air species in He), the flow is highly convective, and N 2 , O 2 , and water vapor from the ambient air can back-diffuse only a short distance (<0.5 mm from the could only be detected by opening up the slits of the monochromator to $1 mm. Emission from H Balmer-a was also relatively weak near the surface.
C. Time-resolved emission
Time-resolved emission over selected spectral lines was recorded with the ICCD-equipped spectrometer as a function of angle, at 50 ns increments throughout the RF cycle. The angle h 2 (see Figs. 1 and 2) was varied from 0 to 40 . In Figs. 8-14, each time resolved emission intensity waveform is normalized to have a maximum of 1000. Time-resolved He 706.5 nm emission is presented in Fig. 8 . The variation in angle h 2 not only changes the axial position but also the radial position of the plasma being probed. At 0 , where light is detected from the plasma core of both the jet extending to the substrate surface and the plasma inside the tube, two broad peaks appear near the maximum positive and negative voltage, while very little emission is detected when the applied waveform is near zero volts. At 10 , the majority of emission is collected from the core region near the substrate and the outer edge of the plume a few millimeters along the radial direction. Some light from inside the tube is also collected, due to light that enters the prism 3 mm from its center and reaches the lens in front of the optical fiber leading to the spectrometer. Therefore, in view of the discharge structure shown in Fig. 5 , the stronger peak at positive voltages is due to the near-surface plasma. At 40 , light from both the edge and core region of the plasma close to the quartz prism surface is detected, and only a sharp peak at a maximum positive voltage appears. (It should be noted that whether light is collected from the core or the edge region of the plasma is of little consequence.) It has widely been reported that an ionization wave travels to the substrate during the positive voltage portion of the RF cycle. 5, 6, [16] [17] [18] [19] [20] [21] The peak in He emission $10 to 150 ns after the peak positive voltage, observed at 40
(also at angles of 20 and 30 , not shown), is expected to be due to electron impact excitation of He near the substrate surface (Fig. 5 ). There is a small time delay between the maximum voltage and the emission because it is possible for the ionization front to form before the voltage peaks, and reach the substrate surface about the same time the voltage reaches its maximum. The broad He emission peak observed at 0 throughout most of the negative voltage period arises from excitation in the plasma that is confined inside the discharge tube (Fig. 5) . The 501.57 nm line shown in Fig. 8 is addressed in Sec. IV.
Time-resolved N 2 (C 3 P u ! B 3 P g ) emission is shown in Figs. 9 and 10. Figure 9 shows sharp peaks near the peak positive voltage at 0 and 40 , similar to He 706.5 nm emission. This is ascribed to excitation, near the substrate surface, of nitrogen from the ambient air diffusing into the plasma jet. Upon closer inspection (Fig. 10) , weak emission near peak negative voltage can be observed at both 0 and 40
. Furthermore, during the positive voltage portion of the cycle, before the strong emission near peak positive voltage, weaker peaks can be seen in Fig. 9 at both 0 and 40 . These features are explained in Sec. IV.
nm emission is shown in Fig.  11 . At 40 , N 2 þ emission looks nearly the same as N 2 emission, minus the negative voltage peak, and is again attributed to excitation near the surface. At 0 , emission from N 2 þ is different than that from N 2 (and He) in that significant and weakly modulated emission is observed through the zerovoltage crossing and during the entire negative voltage fraction of the RF cycle. Time-resolved VUV emissions (not shown) were also recorded, using the MgF 2 window as a substrate (Fig. 4) S metastable state occurs at 501.57 nm and it is accessible. Although this is a very weak transition, we were able to detect it and found that it has a time dependence similar to that for He 3s 3 S ! 2p 3 P emission at 706.5 nm (see Fig. 8 ). There does appear to be a small time lag in the decay of the 501.57 nm emission with respect to the 706.5 nm emission, causing it to peak slightly past the peak negative voltage. While the precise cause for this difference is unknown, it likely has to do with the very different electron energy dependences of the cross sections for excitation (directly and through optical cascade transitions) of the triplet states responsible for the 706.5 nm and the singlet states giving rise to the 501.57 nm emissions. Helium has a 1 S ground state; hence, electron impact transitions to triplet states are optically forbidden. This results in large cross sections near threshold and vanishingly small cross sections a few electron-volts above the threshold. On the other hand, optically allowed transitions to singlet states have a slower 
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Excitation mechanisms in a nonequilibrium helium plasma jet 04F406-7 rise above the threshold and then a more constant cross section up to several times threshold. 22 In fact, the reason that the 706.5 nm line is so strong relative to the 501.57 emission is that cross sections for excitation of the upper triplet levels by electron impact excitation out of the metastable levels are extremely large and have much lower threshold energies. 23 Hence, if higher energy electrons are relatively more prominent later in the rf half periods, it would lead to a lag in 501.57 nm emission, relative to 706.5 nm emission, as observed. As discussed below, since singlet states produce VUV light that we believe is responsible for a slightly modulated production of He* in the plume that emerges from the discharge tube, we feel that the time-dependence of the 501.57 nm line is more representative of the production of He* than is the 706.5 nm line.
The energy of He metastables is sufficient to produce all other emissions observed in this study through multiple pathways. For this to occur, however, the excess energy must be released. For example, production of v 0 ¼ 0 N 2 (C 3 P u ) through collisions with He metastables would release a large amount of translational energy (19.8 -11.0 ¼ 8.8 eV), requiring an unreasonably large attractive force between He* and ground state N 2 . Even third body collisions are very unlikely during the short time of close interaction of He* and N 2 (of the order of half a vibrational period). Hence, all excitation of N 2 (C 3 P u ) is a result of electron impact. Figure 9 indicates that no N 2 emission is observed along the discharge axis during most of the negative voltage portion of the RF cycle. The time-resolved He emission detected at h ¼ 0 during positive voltages consists of a broad feature on which is superimposed a weaker sharp peak near peak positive voltage. The sharp feature is likely ascribed to emission at the surface because it has the same shape as emission observed at h ¼ 40 near maximum positive voltage, while the broad feature has a shape similar to that observed at h ¼ 0 during negative voltages. One expects nearly equal plasma density and electron energy distributions during the positive and negative voltage periods in these types of dielectric barrier discharges. It is therefore reasonable to assume that the broad emission during negative voltages is a result of electron impact inside the tube. Since N 2 C-state is excited by electron impact and no N 2 emission is observed during the negative voltage period, then it follows that there is very little N 2 inside the tube, and the much weaker peaks before the peak negative voltage (Figs. 9 and 10) are due to electron impact in the region between the nozzle and the substrate surface (i.e., outside the tube). This was also confirmed by noting that very little N 2 emission was found in spectra of light transmitted through the quartz tube wall (perpendicular to the axis) between the electrodes.
During the positive voltage period, the intensity of N 2 emission observed along the discharge axis first rises in a similar manner to He emission, but then decays more rapidly than does the He emission (compare Figs. 8 and 9 ). Since plasma extends along the axis during this time, the slowly rising emission is attributed mainly to excitation in the emerging jet near the discharge tube-air boundary during rising positive voltage, while the rapidly decaying emission later in the positive voltage period, behaving in a manner similar to He emission at the surface (h 2 ¼ 40 in Fig. 8 ), comes mainly from electron impact excitation of N 2 near the substrate surface. This is also supported by the similar decay rate in N 2 emission observed at 0 and 40 during the period of falling positive voltage (Fig. 9) .
During the negative voltage period, there is a small amount of emission from N 2 , over a small time window before the voltage reaches its peak negative value (Fig. 10) . No other species exhibits such a feature. This is ascribed to a weak discharge that briefly develops near the substrate surface. Due to low electron temperature, as evident by the lack of He emission, this discharge cannot ionize He. As such, the discharge must be sustained by ionization of N 2 and O 2 , little He þ and He* are formed, and no electron impact excitation of He emission or He*-induced emissions occurs during this time.
Time-resolved emission along the discharge axis from Figs. 9 and 11 ). During the positive voltage, a feature similar to that observed for the N 2 C-state appears to be superimposed on a background emission that persists throughout the negative voltage cycle. The background emission can be ascribed to Penning ionization
Unlike N 2 C-state excitation, in the production of
, the translational motion of the electron can take up the excess energy of 1.06 eV. The role of He metastable states in exciting certain species in atmospheric pressure plasmas has been explored. 17 R u þ ) emission is proportional to the number density of He*. It was established that the plasma is confined inside the tube during the negative voltage period, and that N 2 originates from air diffusing into the plasma jet, but not into the tube due to high Peclet number. In that case, N 2 cannot reach the plasma inside the tube during the negative voltage to be ionized by He*. One possibility is He*, transported out of the tube by the gas flow, excite N 2 þ in the air. He* is created by electron impact on He. This occurs twice per RF period in the discharge between the two electrodes. Since the gas residence time between the electrodes is about 3000 times the RF period, each plug of gas passing through the discharge and exiting the nozzle would not be expected to produce a significant quantity of He* with a modulated number density. If we assume this flow of He* out of the nozzle to be the main source of N 2 þ excitation, then the N 2
would not exhibit the modulation during the negative voltage seen in Fig. 11 . Another possibility for producing modulated He* is radiation transport. Each RF cycle produces two bursts of He emission through electron impact. How much this emission is modulated depends on the lifetime of the emitting states. The VUV emissions in the 50-60 nm range have very short radiative lifetimes (i.e., 0.5 ns for the 2p 1 P o state). This light is severely radiation-trapped at atmospheric pressure, but it is doubtful that its lifetime could be lengthened to durations comparable to the RF period. The photons are absorbed and re-emitted as they move out of the nozzle, where they produce 2p (Fig. 11) with respect to the peak He* excitation (proportional to 501.57 nm emission intensity, Fig. 8 ) can be used to estimate a lifetime for N 2 26 where the angular excitation frequency (x e ) is twice the RF angular frequency, x (here x ¼ 2p Â 200 kHz), and a sinusoidal excitation function with a period of x e is assumed.
7 ls, was also determined from the degree of modulation (a/m), 26 where m and a are the DC offset and the amplitude of the emission waveform, respectively, and the sinusoidal excitation function is assumed to have a DC level equal to its amplitude (i.e., the minima equal zero). The apparent discrepancy between s m and s / can be explained as follows: Since the flow of He emerging from the discharge produces a continuous background of He*, the degree of modulation will be less than that expected if all He* were produced by VUV light. Therefore, the observed s m should be longer than s / , and s / is the true lifetime, since the phase shift is not a function of the degree of modulation of the excitation function.
Assuming radiation transport for creation of He* near the nozzle, the 0.72 ls lifetime derived above would then correspond to the rate at which He* is destroyed by quenching collisions with the in-diffusing air very near the nozzle. If we equate He* with He(2s 1 S), it is lost through quenching collisions with N 2 and O 2 with rate constants of 1.7 Â 10 À10 and 5.8 Â 10 À10 cm 3 s À1 , respectively, near room temperature. 27 [Similar rate constants of 0.8 Â 10 À10 and 3 Â 10 ] Then, the observed 0.7 ls lifetime would correspond to quenching by a partial pressure of 185 mTorr of air near the nozzle. Two-dimensional laminar flow (Navier-Stokes equations) and mass transfer computations of ambient air mixing with the helium jet in the open space between the nozzle and the substrate showed that air reaches a partial pressure of 185 mTorr on the jet axis (r ¼ 0) at an axial distance of $10 mm from the nozzle. Hence, the conclusions drawn from the time dependent emission from
can also be created directly through photoionization by the He VUV emission at 58.443 nm and several other nearby lines. The cross section for production of this state is 2 Â 10 À18 cm 2 at this wavelength. 29 Since the N 2 þ (B 2 R u þ ) lifetime is very short, if the moderately modulated emission in the negative voltage half of the RF cycle (Fig. 10) were mainly due to this process, then the waveform and 2.7 ls lifetime derived from it would be representative of an unreasonably long VUV emission lifetime. Hence, it seems doubtful that generation of N 2 þ (B 2 R u þ ) by photoionization plays a major role. N 2 þ emission probed at h 2 ¼ 40 was used to determine the lifetime of He* near the surface. A plot of the log of N 2 þ emission intensity versus time (Fig. 15 ) reveals a single exponential decay over 3 orders of magnitude, corresponding to a lifetime of 100 ns. This is longer than the N 2 þ Bstate radiative lifetime of 60 ns, as well as the decay time for He emission, which is expected to be characteristic of the He* formation rate. Consequently, we ascribe the 100 ns decay time to the loss rate of He* near the surface. If He* is lost mainly by collisions with air, this corresponds to an air partial pressure of 2. Time-dependent emission along the discharge axis from O at 844 nm (Fig. 14) was very similar to N 2 þ emission, including an identical decay rate of $100 ns in the period following peak positive voltage (not shown), suggesting an analogous mechanism for the long-lived emission. or through a two-step process with OH as the intermediary. Unlike emission from He, N 2 , N 2 þ , and O, timeresolved emissions from H (Fig. 12) and OH (Fig. 13) along the discharge axis exhibit no sharp peaks at the peak positive voltage and are barely modulated. This can be explained as follows. Unlike these other cases, emissions from H along the discharge axis originates from an impurity (i.e., H 2 O or H 2 ) that is in the He feed gas at a high enough concentration that emission from inside the tube dominates that from outside the tube, including at the substrate surface. This is also confirmed by the observation that H and OH emission is substantial in the light passing through the quartz wall of the discharge tube. (In fact the H-to-He and OH-to-He emission ratios of this spectrum are larger than those observed along the discharge tube axis.) The feed gas was He (99.999%), thus, this emission is produced by at most 10 ppm of H 2 O, and probably far less of H 2 in the feed gas.
H and OH emissions are excited by He* rather than by electron impact, as indicated by the lack of strongly peaked emission near the peak positive or negative voltage, found in the case of He emission (Fig. 8) . As in the case of N 2 and O, collisions of He* with H cannot produce emission, because there is no way to release the excess energy. Instead these emissions are produced by dissociation of molecular species. The most likely pathway is through dissociation of H 2 O He 2 3 
The lifetime of H Balmer-a emission is very short (2.3 ns), hence the emission lifetime is the lifetime of He*, inside the tube. No clear phase shift can be determined from the waveform (it appears close to 90 ). A more reliable estimate of the lifetime can be obtained from the degree of modulation, which appears to be $0.04 (Fig. 12) , giving a lifetime of $10 ls. This is much shorter than the time for metastable diffusion to the discharge tube walls ($0.1 s) and could be due to quenching of metastables by H 2 O, metastable pooling or collisions with electrons.
Finally, OH emission along the discharge axis also exhibits no sharp peaks and a low degree of modulation (Fig. 13) , indicating that it is excited by He*. The most likely precursor is again water
The time dependence of OH emission appeared to be somewhat different than H emission in that it peaked modestly, slightly after peak positive voltage. This perhaps indicates that some of the OH emission is due to reactions outside the discharge tube. When probed at 40 , time-resolved emissions from all species except OH showed a sharp peak at maximum positive voltage, when the jet reached the quartz prism. Helium emission reflects the period over which energetic electrons can cause dissociative excitation directly, as well as create He*, which in turn can cause dissociative excitation. The sharp peaks observed in species other than OH are due to the short lifetime of electrons and He* when exposed to ambient air. OH emission would likely have behaved the same way if not for the 700 ns lifetime of the OH(A 2 R þ ) state, and the apparent lack of quenching by He or air, resulting in a noticeable tail in OH emission.
B. Aspects of plasma jet evolution
The N 2 emission (Fig. 10) can also be used to gain an understanding of how the plasma jet evolves. Compared to He, N 2 requires lower energy electrons to be excited. As such, N 2 emission tracks lower energy electrons, while He emission tracks higher energy electrons. When looking either along the axis (h 2 ¼ 0 ) or at h 2 ¼ 40 , a small peak (arrows on the left side of Fig. 10 ) before the main peak is observed. This feature does not exist in He emission, indicating that this small peak is the result of lower energy electrons that cannot excite He. There is a 390 ns time lapse between the peak seen along the axis (red arrow on the left side of Fig. 10) and when it appears at the substrate (green arrow on the left side in Fig.  10 ). We conclude that this corresponds to an ionization wave traveling (on average) 2 cm/(390 Â 10 À9 s)¼5 Â 10 6 cm/s, ionizing (and exciting) the gas on its way. An ionization channel then forms between the tube and the substrate as peak positive voltage is reached, with the substrate acting as the counter electrode. 30 The plasma during the positive voltage charges the substrate positively. 31 When the powered electrode swings into negative voltage, electrons exiting the discharge inside the tube drift toward the substrate to neutralize the positive charge, causing the weak emission seen near the surface (at 40 ), 700 ns before the peak negative voltage. Electrons exiting the nozzle travel a distance of 2 cm to the substrate during the 500 ns time lapse between the zero voltage crossing and the appearance of the emission peak (Fig. 10) . Given the electron mobility in He, [10 6 cm 2 /kV s (Ref.
32)] at 300 K and 1 atm, the electric field required for electrons to travel 2 cm in 500 ns is 4 kV/cm, comparable to that measured by Sretenović et al. 33 This emission appears at the same time whether light is probed at 40 or along the axis (at 0 ), and therefore, only occurs near the surface. This can be explained by the increase in electric field strength versus distance from the nozzle 34 and the higher concentration of N 2 near the substrate.
V. SUMMARY AND CONCLUSIONS
An atmospheric pressure plasma jet in helium emerging from a quartz tube in open air at 1 atm was studied using optical emission spectroscopy. Two copper rings, a 200 kHz RF electrode and a grounded electrode were wrapped around 04F406-10 Nguyen et al.: Excitation mechanisms in a nonequilibrium helium plasma jet 04F406-10 the tube. Gas exiting the tube impinged on a dielectric substrate comprised of either a MgF 2 window sealed to a vacuum UV spectrometer, or the flat face of a half-cylinder quartz prism with semicircular cross section. Time-resolved (over the RF cycle) and time-averaged emissions were recorded through the substrate either along the discharge axis, or at a steep angle to isolate emission originating from the region near (<0.3 mm) the substrate surface. Time-resolved emission was observed close to the substrate surface only during a brief period near the positive peak of the applied RF voltage. No emission was observed near the surface during the negative voltage with the exception of a weak emission from N 2 (C 3 P u ! B 3 P g , 337 nm) just prior to the peak negative voltage. Along the discharge axis, helium emission (706.5 mm) was from both outside and inside the discharge, while emission from H (656 nm), O (777 and 844 nm) and OH (309 nm) was mostly from inside the discharge. N 2 emission along the axis appeared to originate from the entire length of the jet that extended from the nozzle to the substrate surface during positive voltage.
Emissions along the discharge axis, due to impurities originating from either the He source or air diffusing into the He jet, were dominated by dissociative excitation by He metastables (He*). Axial emission from N 2 þ (391 nm) was also produced by collisions with He* (i.e., Penning ionization of N 2 ). In particular, N 2 þ emission was observed even during the negative voltage part of the cycle when there was no jet propagating into the open air that could produce He* to excite N 2 þ . This may be explained by radiation transport. At atmospheric pressure, He VUV emissions in the 50-60 nm range were radiation-trapped, causing them to be absorbed and re-emitted as they moved out of the nozzle and produced 2p 1 P o He that would decay into the 2s 1 S metastable state.
Unlike electron-impact excited emission from N 2 and He, emissions produced by collisions of He* with N 2 , O 2 and H 2 O were only modulated to a small degree during the RF period, and were shifted in phase with respect to the peak positive or negative voltage.
Time-resolved emissions from He, N 2 , and N 2 þ also provided insight on the formation and evolution of the plasma jet. Helium emission tracked the number density of higher energy electrons, while N 2 emission tracked the number density of lower energy electrons. N 2 time-resolved emission revealed a weak ionization wave propagating during the positive voltage part of the cycle, but well before the peak positive voltage. This wave only excited N 2 (and not He) due to the relatively low electron energy. Ionization and excitation in the gap between the nozzle and the substrate maximized when the voltage reached its peak positive value. After the positive voltage portion of the cycle the insulating substrate charged positively, leading to a brief emission from N 2 , during the negative voltage portion of the cycle, as electrons drifted toward the substrate to neutralize the positive charge.
